The structural properties of AlGaN/GaN heterostructures grown by metal organic chemical vapor deposition on sapphire substrates with different thicknesses were studied by high-resolution x-ray diffraction. The relation between the deformations and dislocation densities in the layer and substrate was established. The dependence of the system's curvature on the lattice mismatch, caused by different fractions of nanoblock twists with respect to the c-plane, was determined. A mechanism of elastic strain relaxation was proposed. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3184569͔ III-nitrides are materials of rapidly increasing importance for the semiconductor industry for a broad range of applications from light-emitting and laser diodes to hightemperature and high-power electronic devices.
III-nitrides are materials of rapidly increasing importance for the semiconductor industry for a broad range of applications from light-emitting and laser diodes to hightemperature and high-power electronic devices. 1 In spite of recent achievements, the key limitation is the growth technology, because the large mismatch in lattice parameters between the sapphire substrate and thin film, as well as the difference in their coefficients of thermal expansion, results in a large concentration of structural defects with dislocation densities of the order of Ϸ10 8 ÷10 10 cm −2 and in significant residual deformations. 2, 3 The III-nitride layers grown on an Al 2 O 3 ͑0001͒ substrate have predominantly a mosaic structure consisting of c-oriented nanocolumns. 4 However, up to now, the physical mechanism explaining the features in the mosaic structure of III-V alloys has not been established, which has considerably delayed progress in this field of research. In order to solve the problem, the influence of the deformation state on the structural and electrical properties of multilayered nitride heterostructures, on their mosaic structure as well as on defects caused by processes of elastic strain relaxation needs to be studied in detail. X-ray diffraction ͑XRD͒ is the most effective method of obtaining structural parameters, the magnitude of elastic strain deformation, and the composition of the nitride structures. 5 In this letter, we investigate the influence of dislocations ͑dislocation density, type of dislocations, and the law of their distribution͒ on the deformation conditions of Al x Ga 1−x N / GaN heterostructures grown on substrates with different thicknesses. We propose the relaxation mechanism of strain in the structures by twisted nanocolumns and demonstrate that the experimentally obtained results are in good agreement with the proposed model.
The AlGaN/GaN heterostructures under investigation were grown by metal organic chemical vapor deposition on ͑0001͒ sapphire substrates with thicknesses of 3 and 0.45 mm. After the deposition of a 3-m-thick GaN buffer layer, the Al 0.3 Ga 0.7 N layer with a thickness of 30 nm was grown, followed by a 4 nm GaN cap layer. The misorientation of the substrate surface did not exceed 30 angular minutes. The structural quality of the samples was investigated by highresolution XRD. 6, 7 The experimental setup allows us to obtain two cross sections of the reciprocal lattice nodesorthogonal to the diffraction vector, the -scan and parallel to it, the / 2 scan. The measurements were performed on "PANalytical X'Pert PRO MRD" equipment using symmetric ͑000l͒ and asymmetric ͑1012͒, ͑112l͒, and ͑1124͒ reflections. The asymmetric Bragg geometry allows us to combine the properties of symmetric Bragg and Laue diffractions, giving us the opportunity to study the effects of interplane spacing changes and twists of atomic plane separately by an analysis of the intensity distribution in the q x , q y coordinate system, directed along and orthogonal to the H vector, respectively. Azimuthal -scanning for asymmetrical ͑112l͒ reflections was used to measure the misorientation of GaN blocks with respect to the substrate plane.
The macrodeformations induced by bending the sample are important characteristics of the GaN layer. The curvature radius can be determined by measuring the deviation of the angle of a sapphire reflection at a linear scanning of the sample under a constant x-ray beam. 8 Since the layer thickness is much smaller than the substrate thickness, the curvature radius of the layer is assumed to be the same as that of the substrate. The influence of the dislocation network on the Bragg diffraction results in the broadening of the diffraction pattern along the direction orthogonal to the diffraction vector H. This effect was resolved for all types of investigated structures. However, the dislocation networks do not change the intensity distribution along the diffraction vector.
A Williamson-Hall plot was used to obtain information about microdeformation inside mosaic blocks, the sizes of these blocks ͑vertical and lateral coherence length͒, and the tilts and twists of the blocks. 9 The sizes of the coherence length along the growth direction ͑height of the blocks͒ of GaN layers grown on the thick substrate are twice as large as those of the layers grown on the thin substrate. At the same time, the vertical coherence lengths in AlGaN layers are the same for both cases and are equal to their thickness. The deformation parameters and sizes of the coherent length in GaN layers are correlated with the density of the edge dislocations. respect to the growth plane are practically the same for GaN layers of the heterostructures. The components of the deformation tensor zz for GaN layers grown on the thin substrate are three times as large as those grown on the thick substrate ͑Table I͒. The same relation holds for AlGaN layers.
The measured and calculated values of the curvature radius for both structures are different. Such disagreement was the main reason for the detailed study, since it was not possible to explain the difference as usual by the effects of the strain elastic relaxation and the dislocation density. The mismatch of planes in heterostructures is caused by the twist of the corresponding layers with respect to the substrate and each other. The screw component of dislocation with Burgers vector parallel to the interface and edge dislocations with Burgers vectors b E =1/ 3͗1120͘ result in the twisting of the planes. This is a direct verification of the theoretical concept by which the macromismatch of layers with substrate is caused by the dislocation network and deviation of the crystal's surface from the regular crystallographic orientation. 10 The decreasing difference between xx and zz components for the sample grown on the thick substrate suggests that in this case the structure is untypical ͑the typical structure usually has linear dislocation ensembles with Burgers vectors perpendicular to the interface͒, and it has more random distribution of dislocations as a function of thickness. At the same time, the local variation in interplane spacing for planes perpendicular to the film plane is significantly larger than that parallel to it.
The mismatch of lattice parameters in the interface plane for GaN and Al 2 O 3 is the same ͑⌬a / a͒ ʈ = ͑a GaN − a Al 2 O 3 ͒ / a Al 2 O 3 = −0.33, where a GaN = 0.31876 nm and a Al 2 O 3 = 0.4758 nm. 11 Such mismatch with coherent growth results in macrobending of the substrate-epilayer system ͑concave from the layer side͒. However, from experimental results we found that the system is convex. This fact remains to be explained. We suggest that the abovementioned effect is caused by the arrangement of GaN blocks on the interface plane at different ͑opposite sign͒ lateral mismatch. The value of such mismatch ͑⌬a / a͒ ʈ = ͑a GaN − a Al 2 O 3 ͒ / a Al 2 O 3 = 0.14 ͑a GaN = 0.31876 nm and a Al 2 O 3 = 0.2749 nm͒ can be obtained by rotation of the GaN cell by 30°around the ͓0001͔ axis ͑Fig. 1͒ with respect to the sapphire cell. In the experiment, the asymmetrical reflections ͑112l͒ from the GaN layer and substrate are fixed at different azimuthal positions of the sample ͑Fig. 2͒. It was established that the lateral mismatch of GaN and sapphire cells is about 25.8°on the thin substrate ͑but it is not 30°as follows from Fig. 1͒ and 31°for the structures grown on a thick substrate. It should be noted that the large dislocation density with the edge and screw segments ͑Bur-gers vector is parallel to the interface plane͒ cannot be the reason for this twist.
The mismatch of lattice parameters of 0.14 can lead to an experimentally obtained sign of the bending system. However, the experimentally determined values of the curvature radiuses ͑see Table I͒ are far from agreeing with the calculated values. To determine the reason for such disagreement we calculated the distribution of elastic deformations in the system as a function of thickness 12 using
where z is the growth direction, d is the thickness of the structure, R is the curvature radius of the system, and 0 ͑z͒ is the internal deformation of the structure, given by
FIG. 1. Schematic presentation of atom arrangements in growth plane for the case of a ͑0001͒ GaN layer, grown on sapphire ͑0001͒ at mismatch of lattice parameters equal to Ϫ0.33 ͑a͒ and 0.14 ͑b͒. The calculation data allow the conclusion that in the case of a thick substrate the deformation jump at the interface is one order of magnitude smaller than in the case of a thin substrate. For GaN layers it remains practically the same in both cases. This obvious results in a much smaller dislocation density at the interface required to compensate the mismatch in the case of a thick substrate. This condition is confirmed experimentally ͑see Table I͒ .
The experimental and theoretical dependencies of the curvature radius on substrate thickness are shown in Fig.  3͑a͒ . The curvature radiuses of the structures were calculated using the following expression:
ͪdz.
͑2͒
The additional bending contribution can be calculated 13 using the relation of the dislocation density with the corresponding deformation, 0 ͑z͒ by the following equation:
where R m and R͑d͒ are the measured and the calculated curvature radius, respectively; d 1 and d 2 are the thickness of the layer and substrate, respectively; ␣ is the dislocation density normalized by the Burgers vector. However, the dislocation densities required to compensate the strains caused by the difference between the system curvatures exceed N D = 3.76 ϫ 10 12 cm −2 for a thin substrate and N D = 3.53ϫ 10 10 cm −2 for a thick substrate, which does not agree with the experimental data obtained from an analysis of the rocking curves.
Previously it was demonstrated 12, 13 that the value of the deformation jump ͑curvature radius͒ depends on the characteristic distribution of dislocations in layers. Our calculations show that this fact does not allow us to find agreement with the changes in the curvature radius obtained experimentally. Thus, the large mismatch in bending structures cannot be explained only as a result of the dislocation contribution ͓curve 2, Fig. 3͑a͔͒ . To discover the reason for such a disagreement we calculated a contribution of volume fractions for every cell orientation to obtain a structure with variable curvature ͓Fig. 3͑b͔͒ ͑a planar structure of 0 curvature can be obtained at a ratio of 30% of the GaN volume with a mismatch ⌬a / a = 0.14, and 70% of the volume with a mismatch ⌬a / a = −0.33͒. Thus the system curvature can be regulated by twisting the GaN and sapphire cells. The twist by 25.8º ͑less than is needed for a mismatch ⌬a / a = 0.14͒ leads to a decrease of the deformation jump by 7%.
In summary, the main difference between deformation parameters of heterostructures grown on thick and thin substrates is caused by the different values in the twists of hexagonal cells, with a relatively equivalent influence of the dislocation structure. These twists appear to be one of the channels of elastic strain relaxation in the system, because they lead to a reduction in bending curvature and corresponding macrodeformations. FIG. 3 . ͑a͒ Dependence of curvature radius on substrate thickness: ͑1͒ ideal structure; ͑2͒ structure with uniform dislocation distribution on layer thickness; ͑3͒ structure accounting for twist between cells of GaN layer and sapphire substrate, circles-experimental results. ͑b͒ Deformation state variation as a function of twist angle between cells of GaN layer and sapphire substrate.
